The presented study describes a time-resolved photographic analysis of the interaction of temporally separated cavitation bubbles generated by femtosecond laser-induced optical breakdown in water. For the interaction of laser pulses with a spatial and temporal overlap has scarcely been studied yet, we investigated the interaction of two or more temporally separated laser pulses by time-resolved photography. Various regimes were created using a pulse picker: Focusing a second laser pulse (i) into an existing cavitation bubble, (ii) into persisting gas bubbles and (iii) focusing three subsequent laser pulses. While the probability of causing two successive laser-induced optical breakdowns distinctly decreases in scenario (ii), no bubble oscillation caused by the second pulse can be observed within (i). Hence, the laser-tissue interaction might be accompanied by a raised laser energy transmission. In Conclusion, the results of this study are of great interest for the prospective optimization of the surgical process with high-repetition rate fs-lasers.
Introduction
In various therapeutic applications of ophthalmic laser surgery, the advantage of three-dimensional treatment inside aqueous media by focused ultra-short laser pulses is taken. Nowadays, there are diverse clinically well-established procedures, such as the fs-LASIK [1, 2] . Until recently, fslaser systems with relatively low repetition rate (kHz regime) and comparably high pulse energy (> 1 µJ) have been used in clinical applications [3] . A steady increase in the repetition rate of clinical laser systems [3] , along with lower pulse energies, has resulted in a significant reduction in treatment duration and an enhancement in accuracy. Therefore, the interactions between consecutive laser pulses and the associated cavitation bubbles, generated by the laser-tissue interaction, have become very important in medical laser applications within the last few years. The interaction between a single ultra-short laser pulse and biological tissue has been studied extensively and can be found explicitly described in other publications, for example in [4] [5] [6] [7] 9] . By strongly focusing an ultra-short laser pulse, very high intensities initiate nonlinear absorption processes and result in the generation of a dense free electron plasma [4] . If the critical electron density on the order of ρ cr = 10 21 cm -3 is exceeded, an optical breakdown will occur [8] . Subsequently, the following basic mechanisms appear: (i) tissue heating by electron recombination, (ii) pressure increase, (iii) shock wave propagation into surrounding medium, and (iv) cavitation bubble formation [4] [5] [6] [7] . Before ending in a small resistant gas bubble, this vapor-filled cavitation bubble can undergo a series of oscillations causing the tissue to rupture, where the maximum bubble radius depends on the laser pulse energy [6] ; therefore, the effect of cutting tissue via a laser-induced optical breakdown (LIOB) is called photodisruption.
Especially the interaction of cavitation bubbles generated by spatially and temporally separated laser pulses becomes more and more important. Using low repetition rates in the range of some tens of kHz, a laser pulse can hardly interact even with the final stage of effects generated by the previous pulse. However, with greater repetition rates it is possible that the cavitation bubble of the preceding pulse still exists when the next one approaches nearby. The interaction between fs-laser pulses and cavitation bubbles may affect sensitive tissue structures in the vicinity of the laser focus by various effects: refraction of the laser at the cavity surface, and reflection or light scattering at the persisting gas bubbles. The present study describes systematic experimental investigations of the dynamics of two or three temporally fs-laser pulses. The attendant cavitation bubble dynamics and therefore the interaction mechanisms were examined by time-resolved photography. This is of great interest for the prospective optimization of the surgical process with high-repetition rate fs-lasers.
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Materials and Methods
The experimental setup is an installation for time-resolved photography of cavitation bubble dynamics. The analysis of the temporal pulse-to-pulse interaction was performed with the fs-laser system μJewel by IMRA America Inc.
(Ann Abor, USA). For a better description, the experimental setup can be divided in two light paths: In brief, one is for illumination and imaging of the cavitation bubbles. A detailed description of this part of the experimental setup and the principle of time-resolved photography as well as schematic figures can be found elsewhere [9] . The other path is used for beam shaping between the μJewel laser system and the point of LIOB, laser power adjustment, and especially for realizing different temporal pulse separations. The laser beam (λ = 1040 nm; τ = 389 fs; 100 kHz repetition rate) is coupled into an AOM for external triggered pulse picking. The laser beam is focused by a high NA microscope objective (NA = 0.5, Leica, Germany) into a cuvette, which is filled with distilled water. Due to the high water content of biological tissue (approx. 70%) [10] and therefore similar optical properties, water is used as a model substance for the transparent corneal tissue. Basically, when examining the temporal pulse-to-pulse interaction, three different scenarios are conceivable: (1) Application of two successive pulses to the focal spot before forming a cavitation bubble due to the first pulse, (2) focusing a second laser pulse into an existing cavity, (3) application of the second pulse after the cavitation bubble collapse generated by the first pulse, i.e. in the existing, resistant gas bubbles. For this reason, the parameters of the laser system were chosen in a way that a temporal pulse overlap at a maximum achievable pulse repetition rate of 100 kHz was realized. At first, the single bubble dynamics was investigated for different pulse energies. Here, the lifetime of the cavitation bubble was crucial for the overlap corresponding to two of the three scenarios mentioned above because the parameter of pulse separation is strongly restricted (limited to a minimum of 10 µs). The interaction scenario (1) inaccessible due to the low laser repetition rate, but it has been found that the scenarios (2) and (3) can be achieved when operating at laser pulse energies of 6-times (focusing the following pulse into the resistant gas bubbles) or 12-times breakdown threshold (focusing the subsequent pulse into an existing cavity). To confirm those first results of two directly succeeding laser pulses the following measurements were also performed (with the same pulse energies): (I) Applying two laser pulses with a double pulse interval of 20 µs, (II) focusing three consecutive pulses of 10 µs each separation, (III) measurement of the transmitted laser energy for focusing three consecutive pulses.
Results
Determination of the LIOB threshold and single cavitation bubble dynamics
First of all, for a comparison and evaluation of the following measurements the threshold has been determined, above which a LIOB occurs. The most reliable criterion to determine the breakdown threshold in fs-regime is the detection of an existing cavitation bubble (here with a spatial imaging resolution of about 1 µm) [9] . In this case, the threshold energy is defined as the energy at which each pulse leads to an optical breakdown. After estimating and deducting sources of error as well as energy losses, the measured breakdown threshold for the described experimental setup is about 12.6 mW (at a repetition rate of 100 kHz), which corresponds to a pulse energy of about 126 nJ. The dedicated fluence at the laser focus is about 3.5 J/cm² (at given experimental parameters). The order of magnitude for the threshold is in good agreement with other findings in literature (see overview in [8] ).
For a straight comparison with the following measurements of the temporal pulse-to-pulse interaction, the single bubble dynamics has been studied at different energies. 
Dynamics of the temporal pulse-topulse interaction
As compared to the single bubble dynamics, a series of equal laser pulses temporally separated by 10 µs results in a very different bubble dynamics. Furthermore, since differences between the outcome of the two experimental scenarios can be found, the results are presented for each laser pulse energy respectively interaction scenario.
Experiments at 6-times LIOB threshold
When focusing two laser pulses with an energy of each about 756 nJ and an interval time of 10 µs the cavitation bubble induced by the first pulse has a lifetime of about 8.5 µs (cf. Image 2a). This means that the following laser pulse impinges on the resistant gas bubbles, which are located after the collapse of the cavity at the focal spot. The dynamics of the cavitation bubble related to the second pulse is influenced by this, as can be seen in Image 2a, evidenced by large statistical variations in diameter. While in principle, there is a similar course in the temporal development as in the already collapsed cavitation bubble, the reproducibility of the event decreases and hence the standard deviation increases significantly. If the two laser pulses, however focused with an interval of 20 µs at the same place, the interaction picture changes so that for both laser pulses a LIOB and a cavitation bubble dynamic follows, which corresponds to the single-pulse dynamics (see Image 2b). Finally, a measurement was performed at three consecutive laser pulses (see Image 2c). It can be seen that there is a combination of the interaction images of the previous two series of measurements. During the first pulse induces an optical breakdown, the second one encounters resistant gas bubbles at its focus. This again results in a strong fluctuation of the bubble diameter. The third laser pulse in turn has a dynamic interaction that is more similar to that of a single pulse. However, it should be noted that the standard deviation compared to the first oscillation cycle slightly increases.
a) b)
c) Image 2 Bubble diameter over time for two laser pulses with 756 nJ and a temporal separation of a) 10 µs and b) 20 µs. c) Bubble diameter over time for three laser pulses with 756 nJ and a temporal separation of 10 µs.
An explanation of the observations described above is as follows: The resistant gas bubbles have a statistical spatial distribution with respect to the laser focus. This leads to a decrease in the reproducibility of the process, because the subsequent pulse can encounter a gas bubble on one hand, on the other hand a water volume in between. Focusing the laser pulse into a gas bubble, there is possibly scattering, reflection or refraction of light at the surface, so that the quality of the laser focus or even the fluence within the focus may change. Within the bubble the threshold for LIOB in the water vapor is significantly higher than in the surrounding liquid water [11] . If the subsequent pulse mainly hits vapor, both the focus distortions and the higher threshold impair a further optical breakdown. If the second pulse impinges mainly liquid water a LIOB occurs. There also might be intermediate cases with different bubble diameters and temporal behavior. These different cases are occurring statistically which results in a increasing deviation of diameters analyzed by time-resolved photography. Further confirmation of this hypothesis receives from the other two measurements at the same laser pulse energy. If the laser pulse has a larger time interval (here 20 µs), the probability to meet with a gas bubble of the first one at its focal point significantly decreases for the second pulse. Therefore another cavitation bubble is formed in almost all cases. The application of three directly successive pulses leads to a mixed form of the previously described results. As can be observed for the second pulse, again a strong variation of the bubble radius respectively the effects occur. In turn, the third pulse leads to increased probability of a LIOB and hence a cavitation bubble dynamics, which is very similar to the single bubble dynamics. The still slightly increased statistical fluctuation is then obtained from that of the pre-pulse.
Experiments at 12-times LIOB threshold
By changing the laser pulse energy to 1.512 µJ, corresponding to approximately 12-times the breakdown threshold, the other of the above presented interaction scenarios occurs: After a temporal pulse interval of 10 µs the subsequent pulse impinges to the cavitation bubble of the pre-pulse. This one currently goes through the collapse phase of its oscillation cycle. In Image 2a the evaluation of this interaction mechanism is applied. Compared to the previously studied scenario, it is noticeable that the second pulse neither seems to have an influence on the running oscillation, nor effects rising of a second cavitation bubble. In fact, the images as well as the measured bubble diameter over time do not show an evidence for the application of a second laser pulse. Beyond that, two laser pulses of the same pulse energy with an increased time difference of 20 µs show an interaction pattern, which corresponds to two single bubble dynamics with an intervening gas bubble phase (Image 2b). Again, three directly successive laser pulses were focused at a distance of 10 µs at the same position (see Image 2c). The result corresponds to a superposition of the two preceding results. It reveals the same interaction picture as the previous measurement, which means that the first and third laser pulse result in a LIOB and cavitation bubble dynamics similar to that of single laser pulse. The second pulse which is focused into the existing cavity has no detectable effect on the medium. However, a laser power measurement behind the cuvette performed in this scenario applies an increased transmission for the second of the three pulses (see Image 2d). In the associated graph, the voltage signal of the photodiode is averaged over 24 measurements. Due to the exact signal interval of 10 µs an unambiguous assignment to the laser pulses is possible. It reveals that the second of three pulses has a transmission signal more than twice as large as those pulses resulting in a LIOB. No calibration of the photodiode in terms of pulse energy has been made for this measurement, which constricts the informative value in the quantitative way. The observations can be explained as follows: Due to the refractive index change at the cavity surface a minimal focus shift (quantitative dependent on parameters such as bubble deformation, phase of the oscillation cycle, focusing NA, etc.) along the laser optical axis is conceivable. If the focus is still located within the cavity, it encounters a steam-filled cavity. Water vapor, unlike liquid water can no longer be assumed to be an amorphous semiconductor as a model [7] , so that the ionization energy increases dramatically [11] . A further increase in the threshold energy required for LIOB inside a cavitation bubble by up to six orders of magnitude is due to the fact that within there is a strong negative pressure. Therefore, the laser pulse energy is not sufficient to induce another optical breakdown; it should be noted that the occurrence of nonlinear absorption effects still cannot be excluded. This interaction picture is further supported by the measurements with the same pulse energy. In a temporal pulse interval of 20 µs the first interaction process is finished upon arrival of the next pulse, so that the focus spot has almost completely regenerated. For the small residual probability of still existing gas bubbles there are small statistical fluctuations. Observing the interaction of three consecutive pulses, almost no difference to the previous measurement can be seen. This confirms the conjecture that the second laser pulse interacts with the medium in a negligible way. Even if there are non-linear absorption processes at the point of focus, the transmission measurement shows, that the absorption is significantly lower than the for first and third pulse. Thus, a pulse is applied to the sample, whose interaction effect cannot be used mechanically.
Conclusion
We presented an analysis of the cavitation bubble dynamics of temporally separated fs-laser pulses using timeresolved photography. To our best knowledge, there is no systematic investigation in which the behavior of pulseto-pulse interaction was studied regarding the dissection quality of modern ophthalmic laser systems. The results have possible implications on the utilization of high repetition ultra-short pulse lasers in ophthalmic surgery. Spatial and temporal overlap of pulses and bubbles leads to a reduced effectiveness in terms of the used fluence for the cutting process. The energy of laser pulses impinging existing gas or cavitation bubbles will be partly lost for the cutting process and may contribute to a higher level of unwanted side effects in the surrounding tissue. Undoubtedly, this should be avoided by adjusting parameters in order to ensure a minimally invasive procedure and at the same time increase its efficiency. Therefore, in spite of the small available parameter ranges of the used laser system, a further and more detailed analysis of the processes should be carried out; especially studying interaction scenario (1) could be worthwhile regarding efficiency of medical laser treatment. Here, the respective temporal interaction scenarios as well as the intersections between them should be evaluated by varying the following parameters: pulse energy, cavitation bubble lifetime, pulse interval in multiples of the inverse repetition rate and the resulting temporal pulse overlap.
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